Introduction
The technical development is nowadays inspired to a large extent by the development of semiconducting materials and their application in electronic, telecommunication, optoele− ctronic devices and sensors. Of special interest are applica− tions of some metal oxides -semiconducting wideband gap materials in optoelectronic elements, among others in the range of near ultraviolet and visible light in photonic struc− tures, including those with grating couplers in planar wave− guides of optoelectronic sensors [1, 2] . A wide scope of applications of these materials is due to their very attrac− tive electronic and optical properties. The present paper is focussed on the application of grating couplers in photonic structures basing on a wideband gap semiconductor, viz. zinc oxide ZnO. The interest in photonic structures with grating couplers based on ZnO is due to their attractive pos− sibilities of application. These structures may be used as input−output systems in planar waveguides and also as sen− sor structures, sensitive to changes of selected gases in the environment [3, 4] .
Grating couplers
The great interest in photonic structures with grating couplers is due to the numerous possibilities of their application in opto− electronic structures and sensors [1, 4] . On one hand, a photonic structure with a grating coupler may be an attractive technical solution, permitting to introduce or receive an elec− tromagnetic wave from the visible− and near infrared range in the optic structure, whose thickness amounts to about d w = 200-300 nm [4, 5] . On the other hand, grating couplers can be used as active elements in sensor structures [6] .
In the direction of wave propagation on the surface of planar structures, the grating couplers are constructed in the form of periodical disturbances of the refractive index (on the surface of the waveguide layer with the given thickness d w ) with given geometrical parameters, such as the so−called spatial period of the grating L, the period depth of the grat− ing couplers d s , their shape and the filling factor k w [4, 5] . From the viewpoint of the optical waveguide, such a struc− ture may be considered to be as a set of layers characterised by the distribution and value of the refractive index of light in the respective layers, viz. the waveguide layer n w , the substrate layer n s , and the environmental layer n c . This structure may also be analyzed according to the number of waveguide modes which can be excited. An advantage of grating couplers is that they can be constructed as an inte− gral part of the photonic structures. Thanks to this the scale of integration and miniaturization of the completed structure can be enlarged. The scheme of a grating coupler in a photonic structure has been presented in Fig. 1 .
As has already been mentioned above, a photonic struc− ture with a grating coupler can be applied as a light input− −output system. The introduction of an electromagnetic wave into the photonic structure and its output from there by means of grating couplers is possible if the required condi− tions of matching the propagation constants are satisfied [7] 
where b c is the propagation constant in the environment (e.g. the air), b w is the propagation constant in the wave− guide layer, L is the spatial period of the grating, m is the or− der of diffraction, and l is the wavelength. Photonic structures with grating couplers have still another advantage -they can be used as sensor structures [2] . Transforming Eq. (1) we get the dependence on the angle Q of the entrance and departure of the light to− and from− the structure as a function of its material and geomet− rical properties. The angle Q depends, among others, on changes of the refractive index of the ambient medium n c and changes of the effective refractive index N eff (this angle may serve as a measure of changes of the physical proper− ties of the ambient medium)
In the course of designing, the photonic structure can be considered to be a layered structure, consisting of the wave− guide layer with the refracting index n w embedded in a sub− strate with the refractive index n s . The structure is placed in the ambient layer with the refractive index of the environ− ment n c . An important problem in the course of designing and the realisation of photonic structures with grating cou− plers is, therefore, besides the choice of the geometrical parameters also the choice of adequate materials for the respective layers, particularly the waveguide layer. Of essential importance is also the technology of its realisation. A very attractive group of materials with potential possibili− ties of applying them in photonic structures with grating couplers as waveguide layers and active layers of sensor structures are transparent metal oxides -semiconductor materials with wide band gaps.
Among wide band gap semiconductors, particularly zinc oxide ZnO is highly interesting [8] , due to its very attractive properties and potential possibilities of applications in opto− electronic devices, especially in the range of ultraviolet and blue photonic structures including those with grating cou− plers, as well as in sensor structures [1, 9, 10] . Zinc oxide dis− plays the band gap of a high value E g~3 .4 eV. The great interest in ZnO for its applications in photonic structures with grating couplers is due to the fact that in the visible (and infrared) optical range it is an optically transparent material and its edge of absorption is on the level of about 380-400 nm (Fig. 2) .
The refractive index of ZnO is of a high value, viz. n~2 [10] [11] [12] . The high value of the refractive index is especially required in sensor structures, both those making use of spec− troscopy of the fading field and those with grating couplers. In the case of the latter, good sensor sensitivity is achieved in structures characterized by a high sensitivity on changes of external conditions of a light on the values of effective refractive index. Also on sensor properties decide narrow angular characteristics of the optical excitation of the struc− tures as well as narrow spectral characteristics of light cou− pling by means of the grating couplers [13] . It ought to be kept in mind that the basis of realizing photonic structures with grating couplers as systems of introducing and emitting optical power into and out of the structure is the existence of waveguide layers with a relatively low attenuation of the optical signal. Planar waveguides constructed with the application of ZnO, presented in literature are characterized by a relatively high attenuation, above a > 3 dB/cm [14] [15] [16] . Our own technological investigations allowed us to obtain the ZnO waveguides with the attenuation coeffi− cient on the level a »2 dB/cm.
Results of numerical investigations
Investigations concerning photonic structures with grating couplers started with numerical analyses aiming at the opti− mization of such geometrical parameters of the grating cou− plers as the thickness of the waveguide layer d w , the spatial period of the grating L and the depth of the periods of the grating coupler d s . In modal analyses, it was assumed that the refractive indices amount to: of the waveguide layern w = 2.00, of the refractive index of the substrate -n s = 1.45, of the environment -n c = 1.00 and the wavelength of light (in vacuum) is equal to l = 677 nm.
The first stage was devoted to model analyses of the pla− nar structures made of ZnO determining the influence of the thickness of the waveguide layers d w on the number of propa− gating waveguide modes. Thus, it became possible to define the thickness d w of the ZnO waveguide layer in order the get a single−mode structure with the value d w < 300 nm. The waveguide layers with a thickness above d w > 300 nm are multimoded. The situation is presented in Fig. 3 . The next stage comprised model analyses of photonic structures with grating couplers with a period of the grating L = 2.0 μm and the thickness of the waveguide layer d w = 600 nm. In the numerical analyses, the finite difference time do− main method (FDTD) was applied. This method permits to perform model investigations of optoelectronic structures, among others such with grating couplers [14, 15] . The numer− ical investigations were carried out from the viewpoint of op− timizing the effectiveness of input and output of the optical power into and out of the photonic structure (Fig. 4) .
The quoted investigations have proved that an increase in the depths of grooves d s of the grating coupler periods involves an increase in the optical power propagated both into the cladding layer P ouclad and the substrate layer P outsub until the maximum value has been reached. In the case of the mode TE0, the optical depth of the periods, at which respectively occurs the maximum of the power emitted from the output structure to the cladding medium (to the environ− ment) and into the substrate is contained within the range: 130 nm d s 140 nm [ Fig. 4(a) ].
The power of radiation to the cladding medium P outclad was also analyzed for the modes TEO and TE1, proving that the depth of the grooves d s , at which the maximum of the ra− diated power into the cladding medium is reached, drops with the increasing order of the mode. In the case of the mode TE0, the optimal depth of the periods amounted to d s = 130 nm, and in the case of the mode TE1 it was d s = 70 nm [ Fig. 4(b) ]. The presented value of Poyting's vector concerns a structure without a grating coupler, amounting to d s = 0 nm [ Fig. 5(a) ], and when the groove depth of the periods of the grating coupler amounts to d s = 140 nm [ Fig. 5(b) ].
In a structure without a grating coupler [ Fig. 5(a) ] no optical power is emitted to the cladding medium and into the substrate. The performed numerical analyses permit to per− form such technological processes to obtain structures with optimal parameters.
Results of technological and experimental investigations
Further on, the results of experimental investigations are presented, first concerning structures of planar waveguides, and next photonic structures with grating couplers with a spatial period the grating: L = 1.6 μm and L = 2.0 μm, realized on the basis of zinc oxide ZnO. The realization of optoelectronic structures with grating couplers is a complex technological process. It is started with the depositing of the waveguide layer on the substrate, e.g. on glass BK7 or quartz, making use of the technology of physical vapour deposition (PVD), and applying reactive cathode sputtering. The results presented below refer to the ZnO layers produced by means of the reactive sputtering technology in the RF mode, making use of the ceramic tar− get ZnO (99.99%). The processes of depositing were rea− lized in an atmosphere of oxygen O 2 (30%) and argon Ar (70%). The pressure during the deposition amounted to P Ar +O 2 = 1×10 -2 mBar (the partial pressure of the oxygen to PO 2 = 3×10 -3 mBar). After the deposition, the waveguide layers were annealed using the RTA method.
This technology makes it possible to obtain layers with the required thickness. The deposited layers are then sub− jected to annealing by means of the method of rapid thermal annealing (RTA) in order to remove mechanical stresses and to arrange their internal structures.
Grating periodical structures in the waveguide layers are achieved thanks to the application of the technology of photolithography and etching of the ZnO layer in induc− tively coupled plasma (ICP). This technology permits to construct a periodic structure with a relatively well deter− mined depth of the periods d s . Investigations of photonic structures with grating couplers produced on the ZnO layer were started with investigations concerning the surface of the ZnO layer, deposited on a glass or quartz substrate, mak− ing use of atomic force microscopy (AFM). The resulting image of this surface is to be seen in Fig. 6 .
In the course of the next stage, the properties of optical and waveguide structures basing on ZnO were examined. Investigations concerning the optical properties started with the determination of the spectral characteristics of the trans− mission of light through the ZnO layer deposited on a quartz substrate by means of the technology of reactive cathode sputtering. These investigations were carried out for ZnO layers with a thickness of d w = 300 nm and d w = 500 nm, respectively. The analysis of the achieved spectral transmis− sion of light through such a ZnO layer proved that the ZnO layers are transparent within the range of 400-1000 nm. Thus, determined characteristics display also the edge of the absorption of light below 400 nm. Characteristics of the spectral transmission of light concerning ZnO layers with the thicknesses of d w = 300 nm and d w = 500 nm, respectively, are presented in Fig. 7 .
From the viewpoint of designing and constructing an optoelectronic structure with grating couplers it is indis− pensable to know the refractive index, particularly in the near visible range. Within the frame of the performed inves− tigations, the refractive index of light was determined for ZnO layers as a function of the wavelength in the visible and near infrared range (Fig. 8) .
The refractive index n w of the obtained zinc oxide layers varied in the tested range from n w »2.2 at the wavelength l = 400 nm to n w »1.95 at l = 1000 nm. These investiga− tions were carried out using the variable angle spectroscopic ellipsometry (VASE) produced by J.A. Woollam Company.
Next, the propagation properties of the elaborated ZnO waveguides were investigated. The presented results con− cern the optical waveguide layer with a thickness of above 500 nm. It was a multimode structure, in which three modes can be excited -the zero, first and second order for the polarization TE or/and TM. In the case of this structure of the planar waveguide, the image of propagation of the light for the modes TE0 and TE1 is presented in Figs. 10(a) and 10(b) . The characteristic flashes at left side of Figs. 10(a) and 10(b) illustrate the light scattering at the edge of the structure. The reordered images of the beam of light propagation and their analyses have made it possible to determine the attenuation coefficients of the modes in the waveguide layers. In the case of the mode TE0, this coefficient amounted to a »2.8 dB/cm, in the mode TE1 to a »4.8 dB/cm.
The existence of waveguide layers based on zinc oxide with attenuation of the optical signal (below a = 3 dB/cm) is one of the elements allowing to develop optoelectronic structures with grating couplers, particularly when such a structure is an element of the input−output system of planar waveguides. The investigated structures with grating cou− plers were performed applying laser photolithograph and etching in inductively coupled plasma ICP in a gasous medium BCL 3 . The ICP technology permits to etch the grat− ing couple to the required depth d s with a precision of several percent.
Investigations concerning photonic structures with gra− ting couplers, first of all concentrated on the analysis of their shapes and regularity of the periods of the grating couplers. These examinations concerned photonic structures with gra− ting couplers with the spatial period of the grating L = 1.6 μm, making use of the scanning electron microscope (SEM). the optical power into and out of the waveguide. In the struc− ture, the depth of the periods of the grating coupler was deter− mined for optical waveguides with a grating coupler with a spatial period amounting to L = 2.0 μm, applying for this purpose AFM. It amounted to d s = 150 nm [ Fig. 11(b) ].
Conclusions
The chief aim of the investigations presented in this paper was to design and to realize photonic structures with grating couplers, constructed basing on wide−band semiconductor material, viz. ZnO. As the first step, the optical properties of zinc oxide ZnO were determined, namely the spectral transmission of light and the refractive index as a function of the optical wave− length. The data resulting from these investigations permit− ted to carry out numerical analyses with the purpose of opti− mizing the geometrical parameters of photonic structures with grating couplers. In the analyses, the FDTD method was applied, by means of which such photonic structures could be designed. The experimental investigations dealt with in this paper, concerning the developed and realized structures, have proved it possible to apply zinc oxide in photonic structures with grating couplers, and that it might be possible to construct planar waveguides with a relatively low attenuation of the optical modes below a < 3 dB/cm. The paper presents photonic structures with grating cou− plers with various, so−called, spatial periods of the grating: L = 1.6 μm and L = 2.0 μm.
Summarising, the realized investigations show that zinc oxide is an attractive material to be applied in optoelectro− nics and photonics.
